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ABSTRACT
An active botanical air filtration system, called the Biowall, is used to improve indoor air quality (IAQ) and provide
the potential for energy savings in residential buildings by reducing the need for air conditioning. The Biowall is an
integral part of the HVAC system to actively filter the return air from Volatile Organic Compounds (VOCs). The
Biowall was recently evaluated in an environmental chamber with controlled conditions to measure its air cleaning
characteristics. A ‘pull-down’ test method, in which a known amount of contaminant was introduced to the chamber
so that its decay could be monitored over time, was used for the evaluation. The decay rate of the contaminants with
the Biowall present was then compared to the decay rate of an empty chamber and the growth media alone (without
plants). The experiments also evaluated the filter at different airflow rates across the filter and different moisture
content inside the growth media.
Based on the experimental data, the clean air delivery rates (CADR) of the Biowall were quantified. The preliminary
results showed that the Biowall removed up to 90% of the introduced contaminants within two to three hours inside a
sealed environmental chamber. This could potentially translate into energy savings on the ventilation systems of up
to 25%. In addition to savings on ventilation, the Biowall could contribute in saving heating and cooling energy by
reducing the air temperature during summer months, and reducing the air dryness during the winter months. Beyond
these quantifiable benefits, a Biowall provides an intangible benefit by adding a pleasant natural aesthetic to a home.

1. INTRODUCTION
In recent years, increasing attention has been directed to energy consumption patterns in the developed world. Though
there has been an increase in energy consumption in all sectors, the increase in building energy consumption has been
fairly substantial. Pérez-Lombard, Ortiz, and Pout (2008) mentioned that in developed countries, building energy use
alone accounts for up to 40 % of total energy consumption. Fifty percent of this consumption is solely due to the
building’s HVAC system. This increase in building energy use led to an increase in CO 2 emissions from the built
environment. Simultaneously, rising fossil fuel prices meant building operating costs continued to rise (PérezLombard, Ortiz, & Pout, 2008).
To tackle the dual challenge of environmental and financial sustainability, buildings in the early 1970s were made
airtight and energy efficient. In addition, ventilation rates were also lowered, all with the aim of minimizing HVAC
and building energy use. But this strategy came at a cost, as it was noticed that the quality of air in these buildings
declined considerably over time. Unfortunately, the ramifications of this unintended consequence were, and are still
being felt, by the occupants of these indoor spaces.
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In recent years, indoor air quality (IAQ) has slowly, but steadily, become a problem affecting most Americans. With
most of them spending over 90% of their time indoors, the importance of this issue cannot be ignored. Improved
insulation and lowered ventilation rates has resulted in less fresh air being brought indoors. Simultaneously, stricter
environmental regulations have led to buildings being made more airtight to optimize energy efficiency.
Reduced ventilation and minimal infiltration make the air inside prone to pollution from various sources. Heat loads
from electronic devices, CO2 from humans as well as volatile organic compounds (VOCs) that are off-gassed from
various chemical sources, remain trapped indoors. As the levels of these pollutants increases over time, the quality of
air indoors is significantly reduced. This results in the occupied space suffering from what is known as sick building
syndrome (SBS). SBS, in addition to lowering human productivity, also results in the occupants suffering from nausea,
headaches and dizziness amongst other ailments. The effects of poor IAQ on human health have been well documented
with the World Health Organization (WHO) naming IAQ as the fourth biggest health threat of the 21 st century. This
has prompted research into new technologies that filter indoor air and minimize ventilation energy use. With an
increasing emphasis on the development of sustainable technology, the best way forward may perhaps be to integrate
the natural environment with the built one and use it to mitigate the ill effects of the built environment.
Numerous scientific studies have shown that plants possess the ability to remove contaminants present in soil, water
and air. This process, called phytoremediation, has been used to tackle environmental pollution from various human
and chemical sources. Furthermore, studies have shown that certain indoor houseplants, and to be more specific, the
microbial community associated with the root zone of these plants, can break down pollutants present in indoor air
(Wolverton, 1997). Wang and Zhang, studied the air cleaning potential of a botanical bio-filter under both short and
long term conditions and found it to be of use in reducing VOC levels (Wang & Zhang, 2011). At Rensselaer
Polytechnic Institute, Aydogan (2012) designed, tested and evaluated a full scale BI-AMPS that could improve the
quality of indoor air through botanical bio-filtration.
With indoor air pollution being a persistent and pressing concern in the developed world, a hydroponic biofilter, with
sufficient plant area to capitalize on the plants’ natural phytoremediation capacity, could possibly be used to improve
indoor air quality. With plants also taking up CO2 during photosynthesis, this botanical biofilter can concurrently aid
in lowering CO2 levels indoors, further improving IAQ.

2. Biowall Design
2.1 Design Characteristics
An active botanical air filtration system called the Biowall was designed with a focus on customer convenience, energy
efficiency and aesthetics. The Biowall pulls return air from the home, removes pollutants from this air stream, and
passes cleaned air back to the HVAC system of the house. The Biowall is optimized to allow easy plant and growth
media maintenance with the help of its key design feature, the removable plant trays. Furthermore, space requirements
and aesthetic guidelines were taken into account for the design of the Biowall. The Biowall has approximately 1 m2
of surface area for the plants. Although this paper reports on the performance of the Biowall in a laboratory
environment, the Biowall will ultimately be placed in a net zero energy research home that has been constructed.
2.1.1 Components:
The Biowall consists of a plenum, four trays and a back duct as shown in Figure 1. The plenum is designed to fit in a
wall of a building and accommodates the plant trays. The back duct connects the Biowall to the return duct of the
HVAC-system and combines the individual air streams of the four trays. The trays provide space for the plants and
the grow media. For research purposes and reliable maintenance, the trays can be easily removed from the plenum
and maintained away from the Biowall or replaced with new trays. The trays were positioned in a horizontal orientation
to sufficiently use loose grow media substances and to prevent maldistributions of water.
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Plenum
Fan position
Return air
Cleaned air

Backduct
Tray (Plant and Growth
media location)
Figure 1: Biowall design sketch.
2.1.2 Airflow:
Figure 1 displays schematically the air flow pathway through the device. Basically, a fan in the back duct of the
Biowall passes contaminated air from the inside of a building through the plants and their rhizosphere inside the trays
where degradation processes take place. Then, the cleaned air from the trays enters the back duct and is combined to
a single air flow outlet which leads to the return duct of the HVAC-system. The air flow has been optimized focusing
a low pressure loss and equal air flow treatment across the filter surface in each tray.
2.1.3 Equipment:
The Biowall is planted with Epipremnum aureum (Golden Pothos), Chlorophytum comosum (Spider Plant) and
Philodendron scandens (Heartleaf Philodendron), which are equally distributed across all four trays as shown in Figure
2. The growing medium in the trays is a mixture of coconut coir, Growstone® and activated carbon with an elevated
air porosity. Furthermore, the plants are watered frequently through soaker hoses embedded in the growing medium.
State of the art triple-band LED grow lights are mounted above the trays to supply a photosynthetically active photon
flux of minimum 65 µmol m-2 sec-1.

Figure 2: Biowall with plants, grow media and grow lights (left side) and detail view of one tray (right side)
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3. Contaminant Removal
3.1 Methodology
The Biowall, in this study, was tested in a laboratory environment to understand its removal capacity of air
contamination. The challenge gas in this study was Toluene, which is an insoluble and aromatic VOC. Toluene is a
commonly found contaminant in homes with concentrations between 2 ppm to 8 ppm and it is usually emitted from
different sources such as paints and adhesives (Maroni et al., 1995). An 800-ft3 (22.6-m3) environmental chamber
with a hydronic cooling and heating system were used to conduct the experiments of this study. The environmental
chamber preparation, the data acquisition system, and the toluene injection method are explained in sub-subsection
3.1.1, the testing procedure for toluene removal is explained under sub-subsection 3.1.2.
3.1.1 Experimental setup
The environmental chamber was examined for air-leakage and was also prepared for the experiments before any
testing. By using CO2 as a tracer gas, the air leakage of the chamber was found to be below 0.03 ACH, which is the
acceptable limit for testing portable air cleaners according to ANSI/AHAM standard AC-1. The chamber surfaces
were cleaned according to ASTM standard D6670-13, which recommends scrubbing the surfaces by a laboratory ionic
detergent with phosphate, rinsing with water, and then rinsing with deionized water as a final rinse. The cleaning
process was implemented to eliminate the presence of any adsorbed VOCs to the chamber’s surfaces as well as to
minimize the injected-toluene desorption from these surfaces.
Inside the environmental chamber, multiple variables were monitored and controlled throughout the experiments. The
temperature inside the chamber, for instance, was monitored and kept at 73oF±4oF (23oC±2oC) by using the chamber’s
external hydronic system. The relative humidity and the pressure drop across the filter were monitored but they were
not controlled. The water content in the growth media was not monitored nor was it controlled. The plants were given
4 liters of water per tray every 48 hours. During the experiment, a photoionization detector (PID) from RAE systems
(MultiRAE gas detector – model: PGM-6628) monitored the bulk concentration of toluene. The manufacturer
calibrated the PID to measure toluene concentration from 0.1 ppm to 5,000 ppm.
A gas dispersal system (GDS) was designed and built to inject atomized toluene inside the environmental chamber.
The GDS had a 25 ml syringe and a syringe pump (manufacturer: New Era – Model: NE-1010). The syringe had an
atomizing nozzle attached to its luer to disperse the liquid toluene as a gas. The GDS was tested for repeatability for
different injection amounts, and the system always provided concentration levels within 10% for each injection. For
example, a 5 ml injection always provided a concentration of 45 ppm ± 5 ppm.

Figure 3: Gas Dispersal System (syringe pump, syringe, and atomizing nozzle)
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3.1.2 Testing:
The main approach for testing the removal capacity of the Biowall followed a ‘pull-down’ testing method. The method
requires quantifying the natural decay for toluene inside the chamber (i.e., without the trays of the plants and their
growth media) as well as the toluene decay with the presence of the Biowall. The difference between the two decay
rates multiplied by the volume of the chamber is the clean air delivery rate (CADR) of the biofilter. The toluene decay
with the Biowall was measured in various settings.
The Biowall was tested using two different fan speeds and different initial VOC concentration levels. The high fan
speed and the low fan speed of the Biowall had volumetric airflow rates of around 105 cfm (180 m3 per hour), and 65
cfm (110 m3 per hour), respectively. On the other hand, each fan speed of the Biowall was tested with three different
single injections amount of toluene (i.e., different initial concentration) in addition to a multi-injection of toluene. 5
mL of toluene, 1 ml of toluene, 0.2 ml were the single injection test, and they had initial concentrations of 45 ppm ±
5 ppm, 11 ppm ± 1 ppm, and 1.6 ppm ± 0.2 ppm, respectively. Each single injection test was carried for around 10hours. The multi-injection test, on the other hand, was for the 5 ml injection in which toluene was injected four times
during one test of 48 hours (i.e., one injection every 12 hours).
Table 1 provides a summary of the tests for the Biowall as well as the growth media with both conditions. In addition
to testing the Biowall as a biofilter, the growth media of the Biowall (without the plants) was also tested as an absorbent
filter in two different conditions. The toluene decay was tested for the growth media mixture a dry condition and in a
wet condition. The growth media, which had no previous contact with the plants, was tested under the high fan speed
only (i.e., 105 cfm or 180 m3 per hour). The dry growth media refers to the growth media as it came from the supplier
without the addition of any water prior testing. Although the growth media was considered dry, the Coco Coir had
some moisture content as they came from the supplier. The wet growth media was watered with 4 L of water prior
each test unless it was watered within 48 hours. Both conditions of the growth media were tested in a single injection
test and a multi-injection test of 5 ml only.
Table 1: Summary of Tests

Target Test

Fan Speed
(cfm)
[m3/hour]

Biowall

105
[180]
65
[110]

Growth
Media

Dry
Wet

105
[180]

Injection amount
[peak concentration in ppm]
Multi-injection
5 ml
1 ml
0.2 ml
4 x 5 ml
[45±5] [11±1] [1.6±0.2]
[4 x 45±5]
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

No

Yes

Yes

No

No

Yes

Inside the
Chamber

Entire Biowall

Entire Biowall
without plants

3.2 Decay Curves
The decay curves for the single injection tests of the Biowall, with both fan speeds, are shown in Figure 3. In general,
the Biowall with a low fan speed showed a faster decay rate than the Biowall with a high fan speed. The Biowall with
a low fan speed was able to remove up to 90% of the initial concentration within the first two to three hours of the
test. In contrast, the Biowall with a high fan speed removed up to 80% of the initial concentration within the first
three to four hours of the test. The reason behind the difference between the two speeds is likely due to the empty bed
residence time (EBRT), which is the time taken for the contaminated air to pass through the tray. Since the Biowall
with a low fan speed has a higher EBRT, the low fan speed provides more time for the contaminated air to be absorbed
by the growth media.
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Figure 3: Toluene Decay for Biowall with high speed (BWH) and Low Speed (BWL) for the 5 ml Injection Test
Additionally the water content of the growth media influenced the test results for both fan speeds. In Figure 3, the
tests denoted with the letter ‘a’ indicates that the plants where watered right before the test, while the ‘b’ letter indicates
that the test was performed 24-hours after the first test and without the addition of water. In other words, test ‘a’
indicates higher water content than test ‘b’ since the fan was at least running for 10-hours during test ‘a’ in addition
to the plants consumption of water. As shown in Figure 3 for both the Biowall with a low fan speed and the Biowall
with a high fan speed, the tests denoted with ‘b’ had a faster decay rates than the tests denoted with ‘a’. The reason is
believed to be due to the insolubility of toluene in water. Therefore, the higher the water content, the slower the decay
rate of toluene, and vice versa. The 1 ml and 0.2 ml had the same observations.
Figure 4 is the results of multi-injection VOC tests for the Biowall using both fan speeds. Similar to Figure 3, the
Biowall with a low fan speed had a faster decay rate than the Biowall with the higher fan speed. The decay curves for
the Biowall with a high fan speed also showed some oscillation, and these oscillations became more prominent in each
subsequent injection. In addition, the final concentration for each injection in both fan speeds was higher than the
previous injection. The differences between the final concentrations and the oscillations are believed to be due
diffusion and biodegradation processes, which are time-dependent processes and outside the scope of this study.

Figure 4: Toluene Decay for Biowall with high speed (BWH) and Low Speed (BWL) for the Multi-Injection Test
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The final decay curves are for the growth media in the dry and wet conditions are shown in Figure 5, which shows
both the single injection test of 5 ml (left) and the multi-injection test (right). The dry growth media had a faster decay
rate than the wet growth media in both test cases. The reason, as noted before, is due to the insolubility of toluene in
water. Both dry and wet growth media were tested under the high fan speed, but the oscillation, which also appeared
with the Biowall with a high fan speed, only appeared with the wet growth media. The dry growth media had a much
smoother curve that is almost similar to the Biowall with a low fan speed. Therefore, despite the EBRT, the water
content has a major role in the cleaning ability of the biofilter.

Figure 5: Toluene Decay for Dry and Wet Growth Media with high fan speed for the 5 ml Injection Test (left),
and Toluene Decay for Dry and Wet Growth Media with high fan speed for the Multi-Injection Test (right)

3.3 Analysis
The decay curves of the Biowall with both fan speeds and the growth media with both conditions were analyzed to
find the Clean Air Delivery Rate (CADR), which is a parameter used by filter manufacturers to quantify an equivalent
volumetric flow rate of fresh air developed by a filter. By using the ‘Trust region reflective algorithm’ (MATLAB
built-in function), the curve fit for each the decay curve was optimized. The natural decay rate was found to be -0.038
h-1 as an average of several tests. Similarly, the decay rate for the Biowall with a high fan speed, Biowall with low fan
speed, dry growth media, and wet growth media were found for each single injection test that was performed. The
CADRs were found as discussed in the methodology and the average value for each test category is presented in
Figure 7.
The CADRs were different based on the initial concentration, fan speed, and the condition of the growth media. For
the 5 ml injection test, the Biowall with a high fan speed and low fan speed had CADRs of approximately 10 m3 per
hour (6-cfm) and 20 m3 per hour (12-cfm), respectively. For the 1 ml injection test, the CADRs were 23 m3 per hour
(14-cfm) for both fan speeds. For the 0.2 ml injection test, the CADRs were 20 m3 per hour (12-cfm) for the Biowall
with a high fan speed, and 37 m3 per hour (22-cfm) for the Biowall with a low fan speed. On the other hand, the dry
growth media and wet growth media had CADRs of around 61 m3 per hour (35-cfm), and 35 m3 per hour (21-cfm),
respectively, when both were operated in high fan speed setting with a 5 ml injection of toluene.
The differences between the CADRs have few consistent trends that are obvious from the values or the previously
presented decay curves. As shown in Figure 5 and in Figure 7, the addition of water to the growth media significantly
lowered the CADR. For the 5 ml injection tests for the Biowall with a high fan speed, and the wet growth media with
the same speed, the wet growth media had a higher CADR. The reason could be due to the fact that the Biowall was
regularly watered, for weeks, prior to the start of the experiments, while the wet growth media was watered during the
experiments timeframe only. Thus, the Biowall, cumulatively, had more water in its own growth media that might
cause the activated carbon pellets to be saturated. The saturation of the activated carbon pellets reduces the absorptive
capability and the air permeability of the pellets (Wolverton, 1995).
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Figure 7: Clean Air Delivery Rates for the Biowall with High Fan Speed (BWH) and Biowall with the Low Fan
Speed (BWL), in addition to Dry Growth Media (GM), and Wet growth media with High Fan Speed

3.4 Air Characteristics
During the experiments, temperature, relative humidity and pressure drop were monitored. For the Biowall with both
fan speeds, the relative humidity levels downstream the Biowall increased significantly up to 70%, and 80% in some
cases. The hydronic system could not overcome the increase in relative humidity, but when a forced air system was
conditioning the chamber for different experiments, the relative humidity levels were controllable to acceptable levels.
During the first three hours of each of the tests, on the other hand, the temperature downstream of the Biowall dropped
by around 3ºF (2ºC) due to the evaporative cooling, but after the three hours, the temperature dropped by only 1ºF
(0.5ºC) as an average because less evaporative cooling occurred. The pressure drop across the Biowall was
approximately 0.15 inches of water column (in w.c.) and 0.08 in w.c. for the Biowall with a high fan speed and the
low fan speed, respectively.

4. Preliminary Energy Analysis
In order to understand the potential of the CADR of the Biowall, a preliminary energy analysis was conducted based
on ventilation requirement and the results are shown in Table 2. ASHRAE 62.2 standard (2013), which provides the
acceptable ventilation rates for residential buildings, was used as a reference for an energy analysis of typical U.S.
homes. According to a survey by the U.S. Department of Housing and Urban Development (2010), the median size
of a typical occupied home is around 1,800 ft2 (167 m2), and the typical numbers of bedrooms is three or more. In
ASHRAE 62.2, homes between 1501 ft2 and 2000 ft2 need ventilation rates of 90 cfm and 98 cfm for three and four
bedrooms, respectively. Since the Biowall with a low fan speed showed a better performance, and a lower pressure
drop than the high fan speed, (i.e., 0.08 inches of water column (in w.c.) for the low fan speed, and 0.15 in w.c. for
the high fan speed), the low fan speed was chosen for the analysis. The highest CADR for the Biowall with a low fan
speed was around about 23 cfm (39 m3 per hour). Table 2 shows that incorporating a Biowall into the ventilation
requirement could provide a savings in ventilation that is up to 25% of the total outside air requirement.
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Table 2: Ventilation Requirements and Potential Ventilation Reduction for Typical U.S. Homes
Home Square
footage

Number of
Bedrooms

Continuous
Ventilation
Requirement
(cfm)

With the Biowall
(cfm)

Reduction In
Ventilation

3

90

67

25%

4

98

75

23%

1501-2000

The final part of the preliminarily energy analysis was to estimate the cost savings based on the reduction in ventilation.
Osama Alraddadi (2016) created an energy model based on different climate zones. The model estimated the required
cooling and heating of air to room temperature based on weather data without taking the humidification effects into
account. The model shows the cost of ventilation based on ASHRAE 62.2 requirement alone, the cost with ASHRAE
requirements in addition to one Biowall, and the cost of the ventilation requirement based on ASHRAE requirements
with two Biowalls installed in the house.

Cost of Ventilation ($/year)

Figure 8 shows the results of the preliminarily energy model for various climates in the U.S. The results show that a
Biowall has more cost savings in colder climates than hotter ones. If the humidification effect is taken into account,
the benefits may be more for the colder climates. In contrast, the Biowall does not present any notable benefits cities
like San Diego, CA where the weather is moderate and less heating and cooling is required. There could be some
savings in the hotter climate but the humidification effect could be disadvantageous to these climates.
300
ASHRAE

250

With One Biowall

200

With two Biowalls

150
100
50
0

Anchorage,
AK
Very Cold

Peru, IN

Green Bay, Phoenix, AZ San Diego, Nashville, Tampa, FL
WI
CA
TN

Cold

Hot-dry

MixedHumid

Hot-humid

City, State
Climate
Figure 8: Annual Costs of the Required Ventilation for the Median Size of a Typical Home with Three-Bedrooms at
Different Cities in the U.S. based on ASHRAE 62.2 Requirements
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5. CONCLUSIONS
There are several outcomes from this research:
 The Biowall was able to remove up to 90% of the initial concentration of toluene (i.e., around 45 ppm)
within the first two hours.
 The CADR of the Biowall could be up to 23 cfm (39 m3 per hour) in the case of toluene.
 The Biowall in a closed chamber increased the relative humidity to 80%, while the temperature differential
across the Biowall decreased by up to 3oF (2oC) due to evaporative cooling.
 The estimated savings in ventilation are approximately 25% based on ASHRAE 62.2 requirements for
typical U.S. homes for three- and four-bedrooms homes, respectively.
 The Biowall could have more potential energy savings in colder climates than hotter ones.
Finally, the analysis and the results are based on the toluene as a challenge gas, and other VOCs with different physical
properties (e.g., soluble in water) could have different results. The dry growth media showed higher CADRs than the
Biowall for the short-period tests of this study. The Biowall has the biodegradation advantage for a longer-term bio
filtration, while the dry growth media, when used as a filter, would require periodical replacement. Further long-term
studies for different VOCs would be beneficial to understand the performance of botanical air filters.
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